The main reason cited for the replacement of dental composite restorations is the recurrence of caries. Numerous models-both in vitro, with acid gels or bacterial biofilms, and in situ, with dental appliances-have been used to study caries formation around dental composites. The literature shows that many factors may affect caries formation, including marginal gap formation, gap size, the local chemical environment, the durability of the bonded interface, the extent of bacterial penetration, and the presence of mechanical loading. Studies have also shown that what have been called wall lesions may form independent of surface lesions, though not likely due to microleakage through very small gap spaces in the clinical situation. Gap size and mechanical loading have been shown to be related to lesion severity within in vitro models, but these results do not correspond exactly with those obtained from in situ studies using restorations in dental appliances. Though not conclusive, some in vitro models have shown that certain materials possessing antimicrobial characteristics may reduce the severity of lesion formation, suggesting possible pathways for developing new composite and adhesive materials for restorations with potentially enhanced longevity.
Introduction
Dental composites are polymer-based materials containing finely ground reinforcing glass or silica. Due to the fact that these materials can aesthetically mimic natural teeth, they have become the most popular dental material for replacing the lost or damaged tooth structure. While composites have been successfully used in dentistry for many years, their longevity is considered less than optimal. Results of clinical studies differ, with some showing average replacement times for dental composite restorations of approximately 6 y and others showing double or more service lifetimes. Regardless, the main reasons cited for the replacement of dental composite restorations is the presence of secondary caries and restoration fracture (Rasines Alcaraz et al. 2014; Astvaldsdottir et al. 2015) , and this has not changed in well over 30 y.
Secondary caries has been defined as "lesions at the margins of existing restorations" (Mjör and Toffenetti 2000) . There exists significant controversy over whether these lesions are a result of the presence of the dental restoration or simply a new primary lesion that forms in the same region as an initial lesion that has been restored. In any case, the presence or recurrence of these lesions is typically associated with the marginal areas of the restoration, and it has been stated that 80% to 90% of secondary caries will be found at the gingival margin (for class II to V restorations), irrespective of the type of restorative material (Mjör 1998 (Mjör , 2005 . Furthermore, the occurrence of the initial lesion-and, most likely, the recurrence-is associated with patient caries risk factors. Presumably, this high incidence of failure at these sites is related to its hospitality to plaque formation, especially in susceptible individuals, and to the overall difficulty in cleansing it, especially when the margin is interproximal.
Aside from the most important aspect of the particular condition of the patients themselves, the primary characteristic that relates to this phenomenon of secondary caries is likely the presence of a bacterial biofilm, possibly in association with a discontinuity, or gap, at the margin between the composite and the tooth structure. This gap may be associated with the presence of an initially defective margin or may have resulted from a later degradation of the interface. In any case, the cause of the tooth demineralization has been attributed to leakage of either bacteria or their acid by-products within this gap, termed microleakage. Microleakage has been found to occur more readily on dentin than enamel margins, especially those undergoing mechanical loading (Campos et al. 2008 ). It has also been shown that larger gaps harbor a greater number of bacteria, even around dental amalgam (Kidd et al. 1995) . When leakage is associated with these large gaps, it has been referred to as macroleakage (Mjör 2005) . All of these observations imply that the key to eliminating or minimizing lesion recurrence is 683395J DRXXX10.1177/0022034516683395Journal of Dental ResearchModels of Caries Formation research-article2016 maintaining a biological and chemical seal of the interface. This seal should prevent the formation of a lesion along the wall of the tooth adjacent to the restorative (Kidd 1990; Kidd and O'Hara 1990) , although it may not be expected to deter the formation of a lesion on the surface of the tooth near the marginal interface, a so-called outer lesion (Kidd 1990; Fig. 1) .
The difficulty in achieving a seal of the tooth-composite interface relates to the demanding placement procedure for composites and to the polymerization shrinkage during curing that stresses the interfacial bond produced by the dental adhesive. The adhesion between the tooth and composite has been shown to degrade clinically with time (Tjäderhane 2015) , presumably due to a hydrolytic or mechanical breakdown or enzymatic degradation of the resin material or the bonding layer (Li et al. 2014) , and it has been associated with the loss of restorations during clinical service. Another important factor may be the extent of the composite cure, especially at the gingival margin of class II restorations, which is more difficult to access with the light curing unit. Insufficient curing of this material will allow it to "wash out" during aging in aqueous media, leaving an open space for plaque retention (Vandewalle et al. 2004) . Perhaps many of the undocumented failures of posterior composites can be attributed to less-than-optimal curing of the material during placement.
What Needs to Be Studied?
The development of lesions adjacent to existing clinical restorations is a multifactorial problem that is difficult to study due to human variability and the time required for identifiable lesion formation. To better understand the cause of these lesions, it is important to study the resistance of the tooth and restorative materials, as well as their interface, to the chemical and bacterial components of the oral environment (Nedeljkovic et al. 2015) . Saliva, food products, cleaning agents, and other abrasives are all likely important factors in lesion formation, as are the chemistry, geometry, and surface quality of the restorative materials themselves and the way that they interact with the oral microbiome. Controversy exists over many aspects of secondary caries formation around dental composite restorations, including simple terminology (Jokstad 2016) , and much can be learned from additional studies focused on specific questions. For example, do wall lesions actually form independent from surface lesions? Is lesion formation or severity dependent on gap size? Does mechanical loading of the interface enhance or facilitate lesion formation? Can lesion occurrence or severity be affected by material formulation? These important issues are addressed in this article.
What Types of Models Exist?
Many models have been created to study the variables that influence the demineralization of tooth structure in the vicinity of a restoration (Fig. 2) . These models involve both in vitro and in vivo methods, and they have largely been patterned after models for primary caries formation (Featherstone 1996; Lobo et al. 2005) . The in vitro methods involve chemical or biological challenges and utilize static incubation periods at low pH or cycling between low pH and neutral remineralizing solutions that more closely approximate the conditions in the oral cavity. The biological challenges involve single-species, multispecies, or saliva-derived oral microcosm biofilms. The in vivo methods involve in situ models where dental composite-tooth interfaces are placed within dentures or removable appliances worn by volunteers or where restorations are directly placed into animals or humans. Some models have incorporated preformed composite-tooth gaps of controlled size, whereas others have subjected restoration interfaces to mechanical loading. Figure 1 . Schematic distinguishing 1) a lesion formed on the surface of the tooth near the margin of a restoration, a so-called outer lesion, from 2) a lesion forming within the interfacial gap, or wall lesion. Adapted from Kidd (1990) .
Figure 2.
Comparison of the in vitro and in vivo models used to study caries formation around dental composite restorations. In vitro models are conducted with chemical or bacterial demineralization methods, in which the specimen 1) is submerged in an acidic solution or gel, for the former, or 2) has a biofilm grown upon it, for the latter. The in vivo models typically involve in situ models in which simulated restorations are placed within dental appliances worn by patients, but they can also involve restorations placed in animals or humans. Restorations with preformed gaps can be studied in either in vitro or in vivo models, and mechanical loading effects can be addressed specifically within in vitro models.
The following is a review of models that have been reported in the literature, predominantly within the past decade or so, to study the formation of caries in the vicinity of dental composite restorations. The different in vitro and in vivo models are described, along with their potential advantages and disadvantages, and the outcomes of many studies using the models are presented and compared.
Models for Studying Secondary Caries around Dental Composite Restorations

In Vitro: Chemical Demineralization-Static or Cycling
Perhaps the most straightforward method for studying secondary caries formation around dental composite restorations is to place a restored tooth or section of a restored tooth into an acidified solution or gel (pH <5) under static conditions and monitor passive demineralization of enamel and/or dentin over time (Dionysopoulos et al. 2003) . While buffered lactic acid is the most common agent, there is evidence that lactic acidsodium lactate with a small amount of hydroxyapatite in a methylcellulose gel slowly produces caries-like lesions similar to those formed in vivo (Kotsanos et al. 1989) . These models may also be used with a demineralization-remineralization, or pH cycling, protocol to more closely mimic event in the oral cavity (Hara et al. 2002; Almeida Ayres et al. 2015; Dionysopoulos et al. 2016) .
Storage times used to create lesions have ranged from 2 to 15 wk (Attar and Onen 2002; Hara et al. 2002; Dionysopoulos et al. 2003; Dionysopoulos et al. 2016 ). The methods for measuring demineralization include hardness testing (Hara et al. 2002; Almeida Ayres et al. 2015) , polarized light microscopy (Attar and Onen 2002; Dionysopoulos et al. 2003; Dionysopoulos et al. 2016) , microradiography (Kuper et al. 2013) , laser confocal microscopy (Fontana et al. 1996) , and optical coherence tomography (Turkistani et al. 2015) .
In Vitro: Bacterial Demineralization
Because caries typically is caused by exposure to the acidic products of bacterial fermentation of carbohydrates, in vitro models often involve single-or multispecies biofilms grown on specimens incubated in simulated oral conditions (Fontana et al. 1996; Gama-Teixeira et al. 2007; Knight et al. 2007; Rudney et al. 2012; Li et al. 2014; Mayanagi et al. 2014; Schwendicke et al. 2014; Kramer et al. 2015) . In some studies, gaps of specific size are created between the tooth and composite (Totiam et al. 2007; Cenci et al. 2009; Diercke et al. 2009; Hayati et al. 2011; Nassar and González-Cabezas 2011; . In other studies, the effect of mechanical loading on marginal integrity and lesion formation has been assessed (Khvostenko et al. 2015; Khvostenko et al. 2016) .
The majority of studies utilize Streptococcus mutans, but Streptococcus gordonii, Streptococcus sobrinus, and Lactobacillus have also been used. Some studies utilize a microcosm model derived from human saliva to produce a complex biofilm. Perhaps the microcosm model is the most clinically relevant, but it is also most difficult to control in terms of knowing specifically how individual bacterial species are involved in the process. For better control, mixed biofilms ≥2 species are desirable in that they establish a more realistic competitive environment for biofilm formation. However, determining the most appropriate species and their relative amounts is not inconsequential. In any case, nutrients may be supplied to the biofilm statically or in a flowing culture system. Studies typically utilize exposure times of 1 to 4 wk, and lesion progression is assessed as in the chemical demineralization studies.
In Vivo: In Situ
Many researchers have used models in which patients wear appliances containing specimens designed with tooth-composite interfaces, relying on the patient's own bacteria to colonize the specimens (Sousa et al. 2009; Melo et al. 2013; van de Sande et al. 2014) . Typically, patients are instructed to remove the appliance 8 to 10 times per day and submerge it in a highconcentration (i.e., 20%) sucrose solution for 10 min, thus mimicking an environment at high risk of caries . In many cases, specimens have been designed to have a preformed gap between the composite and the dentin or enamel (Thomas et al. 2007; Kuper et al. 2014; Montagner et al. 2015) . Others have allowed a smaller gap to form by simply not applying an adhesive to the tooth structure (Cenci et al. 2008; Barata et al. 2012 ).
In Vivo: Human Clinical or Animal
The most clinically relevant model for studying secondary caries formation is within an animal or human, but these studies are seldom reported due to their enhanced complexity. Animal models for caries studies have been used for many years (Bowen 2013) , but it is difficult to find reports of animal models used for secondary caries. The occurrence of these lesions is always assessed in clinical studies of composites, but few have focused efforts on directly assessing factors that influence them. There is a retrospective study in which restorations were evaluated after a minimum of 5 y to determine the potential influence of the location of the proximal gingival margin on secondary caries formation and restoration failure (Kuper et al. 2012) . There is also a secondary caries study where restorations were place with preformed gaps in teeth scheduled for extraction (Papagiannoulis et al. 2002) .
Advantages and Disadvantages of Models
The advantages and disadvantages of the different in vitro and in vivo models are summarized in Table 1 . While in vitro models afford the opportunity to study many variables in a relatively simple, fast, and cost-effective manner, they likely lack overall clinical relevance and are best used for screening materials or systematically studying specific variables, such as gap size. In situ models, in contrast, require more time and expense, and interpretation of the results may be complicated by patient compliance issues, since most are removable appliances requiring adherence to specific protocols for wearing and care. Animal or human models have the greatest relevance but are also more time-consuming and expensive than in vitro studies and are seriously restricted in scope based on ethical issues. Perhaps the major point to emphasize is that in vitro models, as well as the in situ models that create artificial specimens, do not form true caries in the same time frame and under the same complex conditions as in the actual clinical case of a dental restoration in a real patient's tooth.
Outcomes from Models for Assessing Caries Formation around Dental Composite Restorations
In Vitro: Chemical Demineralization-Static or Cycling
Most chemical demineralization studies of composite restorations have generally been comparing composite to glass ionomer or some other fluoride-releasing material. This is not surprising, since it is long known that composite does not protect the tooth from demineralization in a highly acidic environment, except potentially along the cavity wall when bonding is excellent. In general, these studies have provided evidence that the extent of lesions formed in dentin and enamel around restorations that leach fluoride is reduced as compared with nonfluoride releasing materials (Hicks et al. 2000; Attar and Onen 2002; Dionysopoulos et al. 2016 ). Similar results have been shown for restorations involving root dentin (Hicks et al. 2000; Hara et al. 2002; Dionysopoulos et al. 2003) in a pH cycling model (Hara et al. 2002; Almeida Ayres et al. 2015; Dionysopoulos et al. 2016) .
Optical coherence tomography has been used to correlate lesion formation with gap length along the enamel and dentin walls in composite restorations exposed to an acidic gel for 5 wk (Turkistani et al. 2015) . The gaps were formed by shrinkage of the flowable composite restorative placed in the absence of a bonding agent and further accentuated by thermal cycling. The study also compared flowable composite restorations bonded with 4 different dental adhesives and showed significant correlations between increased demineralization area and increased gap length on both surfaces (better for enamel), as well as evidence for reduced rate of lesion formation at margins associated with fluoride releasing adhesives. A similar beneficial effect of a fluoride-releasing composite reducing actual mineral loss from dentin located across a 200-µm gap was demonstrated by microradiography in another study, although the lesion depth was not reduced in the acidic gel (Dijkman et al. 1994 ). One study investigated the effect of mechanical loading on lesion formation at bonded and nonbonded composite-tooth interfaces after exposure to acid for 14 d (Kuper et al. 2013) . It found wall lesions in the nonbonded restorations when mechanically loaded, likely due to gap opening and enhanced interfacial fluid exchange. Furthermore, the extent of the lesion was increased with higher load levels (350 g vs. 200 g). Nonloaded samples did not form wall lesions, even in the absence of bonding, thus emphasizing the effect of loading on lesion formation. It is not clear what size gap existed in the nonbonding case, as it was not measured. Because it appears that the composite was allowed to shrink unconstrained, it is possible that there was little actual space between it and the tooth. However, several bonded specimens subjected to the highest load level actually developed wall lesions, with subsequent analysis showing that a gap had formed, possibly due to bond failure during loading.
In Vitro: Bacterial Demineralization
Models involving the formation of bacterial biofilms on composite restorations have tended to focus on identifying the potential beneficial effect of fluoride releasing materials. Similar to the acidic gel studies, these have provided evidence for reduced lesion formation for glass ionomers versus composites, suggesting that this could be due to a direct effect of fluoride or to a buffering effect from the glass ionomer as it is solubilized by the bacterial acids (Gama-Teixeira et al. 2007; Knight et al. 2007; Rudney et al. 2012; Li et al. 2014; Mayanagi et al. 2014; Schwendicke et al. 2014; Kramer et al. 2015) . The effect of the biofilm on degradation of the interfacial adhesion between the composite and the tooth structure has also been demonstrated (Peris et al. 2007; Li et al. 2014) .
The effect of preformed gaps on lesion formation around composite restorations exposed to bacterial biofilms has been studied with gap sizes of as little as 25 µm to as large as 1,000 µm. Single-or multispecies biofilms have been used for periods from 8 to 30 d, as summarized in Table 2 . These in vitro studies all confirmed that lesion severity was increased with the size of the gap. Coating the surface of the tooth with an impermeable varnish to inhibit the formation of outer lesions, one group verified the independent formation of lesions along the enamel and dentin walls adjacent to marginal gaps of 50 to 250 µm, with the lesion size being somewhat influenced by gap size (Diercke et al. 2009 ). Although they did not confirm it in this study, the authors noted that in other work they could verify bacteria colonization of 50-µm gaps in vitro.
In a recent study, researchers employed biofilms to create lesions around composite restorations while examining the influence of gap size and mechanical loading (Khvostenko et al. 2015) . This study showed 1) that bacteria, in a static or constant flow environment, could penetrate shrinkage gaps as small as 20 to 25 µm and 2) that penetration was enhanced with mechanical loading, permitting bacteria to colonize the full depth of the interfacial gap at the axial wall. Surface lesions and lesions associated with the bacteria on the dentin cavity wall were evident, with the demineralization verified by confocal microscopy and microhardness measurements. Scanning electron microscopy of the dentin wall surface within the cavity preparation, exposed by breaking open the restoration, showed clear evidence for a bacteria biofilm within the shrinkage gap space and extending to the full depth of the margin, with associated dentin demineralization (Fig. 3) . A follow-up study further showed a reduced penetration of bacteria into the gap when the dental composite contained a mildly antimicrobial bioactive glass additive (Khvostenko et al. 2016 ).
In Vivo: In Situ
In situ studies, in which gap-free restorations have been placed within dental appliances worn by patients for weeks to months, have shown some evidence for reduced demineralization around specific fluoride-releasing materials (Sousa et al. 2009; de Moraes et al. 2016) , as well as those containing antimicrobial (van de Sande et al. 2014) or remineralizing (Melo et al. 2013) compounds.
When examining the effect of the presence of marginal gaps, the majority of in situ studies have verified lesions on the cavity walls, most often when the gap is larger than a shrinkage gap (Thomas et al. 2007; Cenci et al. 2008; Lima et al. 2009; Barata et al. 2012; Kuper et al. 2014; Montagner et al. 2015) . However, wall lesions do not form in the absence of a gap, even in the presence of leakage for a nonbonded restoration (Thomas et al. 2007; Cenci et al. 2008; Barata et al. 2012; Kuper et al. 2014) . Consistent with in vitro studies, in situ studies have confirmed that wall lesions can form independent of outer lesions. However, contrary to results from in vitro models, wall lesions did not form when gaps of limited width formed due to polymerization shrinkage only. Wall lesions required gaps of at least 50 µm, though no 200 to 400 Microcosm 20 Yes specific threshold size has been identified and a true dependence of lesion size on gap size could not be shown (Kuper et al. 2014) . When composites were well bonded to the tooth, there was no evidence that the presence of the composite margin enhanced surface lesion progression (Thomas et al. 2007) . Lesions form parallel to the surface, as a primary lesion would, with a slightly triangular shape at the composite interface but without progressing more apically. With a larger gap, lesions form the same triangular shape at the margin but then extend down the wall, producing an "L" shape, with evidence of a true wall lesion. Similar triangular lesions, or marginal widening, formed at the composite-dentin margin with a shrinkage gap within in vitro biofilm studies and in the absence of shrinkage gaps when mechanically loaded (Khvostenko et al. 2015; Fig. 4 ). Lesion progression in enamel and dentin within in situ models correlates well with lesion progression in clinical restorations, being about 1 to 2 µm per day in enamel and about 2.5 times that rate in dentin (Thomas et al. 2007) . Others have shown greater mineral loss adjacent to composites as compared with glass ionomer, independent of leakage (i.e., bonded vs. nonbonded; Cenci et al. 2008 ) and consistent with in vitro studies. However, the difference in lesion extent between composite and glass ionomer was true only when a nonfluoridated toothpaste was used 3 times per day; the lesions were similar when a fluoridated tooth paste was used, similar to the results of a study with root dentin (Hara et al. 2006) .
In further comparing the results of in situ and in vitro models, it seems that in vitro models may create a more aggressive environment where the tooth is more susceptible to lesion formation than in the oral cavity. Also, in situ studies appear to confirm that leakage alone does not promote wall lesions.
In Vivo: Human Clinical
Few clinical studies exist that are specifically designed to study secondary caries formation around composite restorations. Kuper et al. (2012) conducted a retrospective study of a database from a private dental practice in the Netherlands to determine if the gingival extension of a proximal amalgam or composite restoration influenced secondary caries formation. They assessed the radiographic depth of the cervical margins of 1,193 restorations after at least 5 y of service among 83 patients who had had at least 1 restoration replaced due to the diagnosis of secondary caries. They found dental composites to have a higher risk of secondary caries formation as compared with amalgam, but composites with gingival extensions apical to (vs. coronal to) the cementum-enamel junction did not fail more often due to secondary caries. At least one clinical study prospectively assessed the influence of a marginal gap on secondary caries with dental composite restorations and included an in vitro caries model study for comparison (Papagiannoulis et al. 2002) . Composite and glass ionomer restorations were placed with preformed gaps of 40 µm on the buccal surface of all 4 premolars of 4 volunteers at low risk for caries. The teeth were scheduled for extraction for orthodontic purposes after 6 mo. A second group of extracted premolars with similar restorations were exposed to a pH 4 gel for 4 wk. Caries was assessed on the extracted teeth with polarized light microscopy. The in vivo study showed no lesion development at the margins that were free of gaps, thereby emphasizing the importance of marginal sealing. Lesions were formed at most but not all margins with gaps, with no beneficial effect demonstrated with glass ionomer. Furthermore, the lesions were confined to the gap entrance and were not present down the entire wall of the gap. This study verified clinically that the presence of a relatively small gap alone is not sufficient criteria for secondary caries formation. The in vitro results differed from the in vivo in that lesions formed in vitro with and without gaps and were less extensive in dimension for glass ionomer versus composite. Thus, the outcomes of this clinical study were divergent from in vitro and in situ studies comparing fluoride-releasing and nonfluoride-releasing materials.
Summary
Despite the fact that in vitro models cannot reproduce the clinical situation, they are indispensable for evaluating the many variables involved with caries formation in association with dental restorations. The ability to conduct pH cycling is indeed an advantage of the chemical in vitro tests. However, because clinical caries is most likely dependent on biofilm formation, the biological tests seem to be the most relevant of the in vitro tests. In any case, these models are critical because it is simply not feasible to conduct mechanistic studies that include all of the many variables involved through in situ or clinical studies. While clinical studies are the most relevant, they are also the most variable due to patient factors and the time and costs involved. Therefore, perhaps the most effective testing model is the in situ one, which optimizes the balance between clinical relevance and control of key variables. Perhaps the greatest contribution to the current knowledge at this point might be more studies focusing on correlating the outcomes of specific models with real clinical secondary caries.
The following general conclusions can be drawn regarding secondary caries models:
• • Wall lesions can form and be distinct from outer lesions.
• • There is some evidence from both in vitro and in situ models of a protective effect on demineralization from fluoride and other potentially antibacterial compounds. • • With in vitro studies, larger and deeper lesions form with larger gaps, but there does not appear to be a threshold gap size for lesion formation.
• • With in vivo studies, no wall lesions form if there is no gap or a small gap formed by composite shrinkage only, and larger gap size does not further influence lesion size. • • Mechanical loading increases bacterial penetration and lesion depth in vitro. • • Clinical outcomes may differ from in vitro outcomes. The lesion characteristics are similar, but the presence and extent based on the presence of gaps or leakage differ.
